Climate change has become a formidable challenge for energy systems. To answer this challenge governments are increasingly engaged with the formation and direction of energy innovation systems towards sustainable energy transitions. Th is, however, is marked with high levels of uncertainty, complexity, interdependence and inertia. First, because of the technological challenges, scarce resources and high sunk costs of investments; second, because of a high level of lobbying by advocacy coalitions; and lastly, because the international regulatory systems governing climate change are continuously changing. Governments are called on to foresee changes on all these multiple levels and signal within energy innovation systems the direction of investment, while using various policy instruments. Th is puts high demands on the capacities, organization and integrity of public-policy bodies, which are not always met. Th us, there are signifi cant limits to the capacity to project and govern transitions in the making. Furthermore, policy rationales connected to the energy sector are not always clear-cut and one-dimensional. First, from the global-climate-crisis discourse an agenda has emerged calling for expedient change and decarbonization ("technological fi x") of the energy sector; second, there are economic interests connected to the development of energy technologies (the so-called "green growth" agenda); third, there has been a longterm debate surrounding energy security ("electric vulnerability") in Europe and in the world, with calls for more investment in and internationalization of energy systems not to be dependent on single energy-supply routes nor energy sources.
Consequently, policy makers have to manoeuvre very complex minefi elds of interests when dealing with the energy sector.
As such, this thesis looks into the interaction of public policy and underlying politics with technological change in the energy sector. What we suppose is that policy change co-evolves with both technology and institutions (Borrás and Edler 2015) . Because the challenges outlined above are intrinsically connected to technological development, it would be easy to fall into the trap of linear policymaking, concentrating on the supply of new energy technologies. Th is, however, is shown not to work in the energy sector (Suurs and Hekkert 2009) . Hence, more complex, systemic solutions are called for. Th is thesis tackles these problems from diff erent angles developing an analytical approach that is technology-specifi c, accounts for institutional diff erences, transnational linkages and geography of change (namely the role of state size in technological change processes) in energy technology innovation systems. For this the author puts together recent developments in innovation systems (IS) literature -specifi cally technological innovation systems (TIS) -, arguments from economic geography (the relative size and proximity of states) and research done under the global-value-chain (GVC) stream. TIS, among other innovation-system perspectives, was chosen due to its focus on technology specifi c eff ects, but also because the unit of analysis is on the network level in most empirical accounts, which will help to integrate the GVC perspective into the analytical framework.
Th e main arguments of the thesis are developed in four original articles. In all articles the author of the thesis has been the sole or lead author (I, II, III, IV) -see Table 1 below. In the fi rst article, the author of the thesis pursues the issue of state size in times of globalization and argues that objective measures of space have become obsolete during times of increasing interconnectedness and economic liberalization (I). Th e article reaches the conclusion that "size" is dependent on three factors: economic structure, development level and core-periphery relationships. In terms of technological development this can be connected to the concept of "proximity" (Boschma 2005 ) that has recently been applied to innovation systems research (Lundquist and Trippl 2013) . Th e thesis outlines the problems and possibilities for small states in the context of increased internationalization of technology (I, 14 -15) . Furthermore, the article introduces the importance of global production networks (GPN) as important parts of dispersed knowledge production and the infl uence of multi-national companies (MNC) on the economic power of small states. Th us, the article builds the backbone for the reasoning to look at states' innovative capabilities in a transnational perspective. Source: Author.
In the second single-authored article (II), the author looks at the role of state-owned enterprises in energy innovation systems in a small-state context. Th e complex nature of governing energy innovation systems and the confl icting rationales infl uencing these systems are outlined through the example of Eesti Energia, a state-owned energy company in Estonia primarily engaged in nonrenewables. Th e article shows how the innovation policy agenda can compound with the environmental and energy-security agenda and even fi scal policy interests in the context of state-owned enterprises. Innovation systems in the energy system are, thus, confronted with immense policy legacies; even more so, as most energy sectors have been and are still characterized by public ownership. Nonetheless, in the liberalized market economy even state-owned enterprises (SOEs) move in GVCs, and this, as was shown in the case of Eesti Energia, can be a way for companies to deliberately decrease the control of national governments (II, 10) . Th e case study, in the context of the current thesis, shows the importance of both accounting for national institutional contexts and also transnational value chains in describing energy technology development.
Two articles in the main body of the thesis were co-authored: one with Dr. Erkki Karo on the role of SOEs in the oil and gas sector (III) and the other with colleagues from Belgium and the Netherlands, who helped collect the data to analyze the eff ect of market-liberalization reforms on incumbent electricity producers in Belgium and the Netherlands (IV). Th e former outlines the role of state-owned enterprises globally in the energy sector and describes their potential as innovation policy instruments in varied policy contexts (III). Furthermore, diff erent policy rationales infl uencing SOEs in the energy sector (and beyond) and the importance of diff erent institutional environments for energy technology innovation systems are outlined. Moreover, the article makes a case for the infl uence of diverging political interests on SOEs' innovation activities in the energy sector through case studies of diff erent government-controlled oil companies in the world. Th e second coauthored article (IV) outlines the possible impact of applying traditional, marketbased policies in the energy sector and not discriminating between technologies. Th us, the article uses the cases of the Belgian and Dutch energy sectors to show the need for technology-specifi c approaches and, thus, the potential role of technology innovation systems analysis.
Th e Appendix of the thesis contains a paper co-authored with Kaija Valdmaa on the eff ect of the global climate-change discourse -the so-called sustainability agenda -on domestic energy-R&D networks (V). Th is article strengthens the claims made in article IV, showing that supporting innovation indiscriminately is not enough to induce change in energy technology innovation systems. Th e paper outlines the dangers of linear, technology-fi x based innovation policy discourse through the example of science and industry linkages within the energy sectors. Th e article shows that if more precise, technology-specifi c approaches to innovation policy are not taken, it can stall sustainability transitions in the energy sector.
Put together, the fi ve original works the thesis is composed of, outline the need for a technology-specifi c energy innovation systems analysis that accounts for both space -national and transnational eff ects -and various policy agendas in the complex policy legacies within the energy sectors. Consequently, in the following introduction of this thesis the author tries to go beyond the elements of energy innovation systems (networks, hierarchies, markets described in the articles) and to outline a more comprehensive picture of energy technology innovation systems that accounts for not only technological momentum, but also space-specifi c tendencies and power relations (exemplifi ed by small-states challenges in internationalized technology development processes). Th ere is a lot of room in innovation-systems literature to conceptually identify the role of transnational linkages, learning processes, global value chains and relationships with the wider international context. Innovation-systems literature, while seemingly all-encompassing, seems to neglect many of the former dimensions. As such, one of the main critiques of the innovation-systems approach is the static, mechanical and descriptive focus of analysis and the disproportionate focus on science and technology (S&T), rather than the loci of innovation (Dodgson et al. 2011 ). Th us, for example, innovation-systems analyses tend to marginalize the market (inter-and intra-fi rm relations) and focus more on the non-market institutional dimension of innovation (Bleda and Del Rio 2013) . As policies and funding of research and development (R&D) are increas-ingly moving to supra-national levels (I; Tõnurist and Kattel 2016) , innovation systems should also be analyzed on supranational levels. Th e TIS approach adds to the debate by stressing the need to combine factors that are intrinsic to technologies with contextual elements to create the conditions for technological development and its adoption (Bento and Fontes 2015) . Integrating the global-value-chain approach with the technology innovation systems helps to more specifi cally analyze backward and forward linkages between actors (also on the fi rm level) in GVCs and understand how these aff ect learning and innovation.
Th e following research questions are addressed in the thesis:
(1) What are the main policy rationales governing the energy sector and how do these aff ect innovation and technological development in energy innovation systems ?
(2) Which components of technology innovation systems should be analyzed to respond to challenges the energy sector is currently facing ? What are the conceptual weaknesses in theory that should be addressed to reach a more realistic depiction of innovation processes in multiscalar energy innovation systems ?
(3) What role does geography and state size play in transnational energy innovation systems ? How can transnational linkages in energy innovation systems be studied ? What could be the potential role of small states in transnational energy innovation systems ?
(4) What is the potential role of state-owned enterprises in transnational energy innovation systems ?
Th e introductory section of the thesis is developed as follows. First a short methodological overview of the thesis is provided. Th is is preceded by the delineation of challenges in technology innovation systems in the context of the energy sector. We approach the subject through the lens of sustainability transitions in the energy sector and discuss the confl icting policy rationales governing energy innovation systems (covered also in articles II; III; IV and V). Specifi cally the technology innovation systems approach is used (which is also most applied in the context of energy technologies) to introduce a technology-based dynamic into the multiscalar, transnational energy innovation systems approach. Th e benefi ts and weaknesses of the TIS approach for such a purpose are outlined. Specifi cally, the eff ect of geography is separately brought out, and a new focus on global value chains in evaluating innovation systems is proposed. Th is discussion ends with outlining the role and diffi culties of small states in transnational energy innovation systems. Th is is especially important due to the sheer size of the global sustainability challenge the world is facing: with the global nature of the problem, large-scale, international technological development projects and the infl uence of emerging economies on energy demand, the role of small states in energy innovation systems seems to be almost insignifi cant. However, Mowery et al. (2010) argue that what is needed for a sustainability transition in the energy sector is not a new "Manhattan project", but rather more learning and experimentation with diff erent technologies. Small states with less complex structures may be apt spaces for entrepreneurial action that spurs on learning, technological diff usion and leap-frogging (Mazzucato and Perez 2015) . In a separate section, where the author discusses the contributions of the thesis to the aforementioned debate, the missing role of state-owned enterprises in the energy sector is also discussed in the context of transnational TISs. Th e last section proposes new avenues for research.
Methodology
Methodologically this thesis is cross-disciplinary, including approaches from political science, management studies, governance studies, evolutionary and institutional economics and innovation studies. As it is a combination of independently written articles, the methods applied are divided between diff erent sections of the thesis.
Th e theoretical analysis of the thesis in its underlying assumptions draws heavily upon evolutionary economic theory (Nelson and Winter 1982) , institutional economics (Powell and DiMaggio 2012) and recent developments in economic geography applied to innovation systems analysis (Lundquist and Trippl 2013) . At the same time, traditional management theories were systematically reviewed in several of the articles (e.g. II; III) to illustrate some of the gaps in conventional theoretical perspectives. All articles in the thesis also follow a public-policy narrative and, specifi cally, search for the role of the state in technological development.
In more theoretically heavy contributions -for example when defi ning the concept of the "size" of states (I) -, the thesis relies on cumulative theoretical review (using both theoretical and empirical studies as inputs). When identifying the main policy rationales of state-owned enterprises (III) and the characteristics of the global-climate-change discourse (V), systematic theoretical reviews were carried out with combined citation searches and the snowball method.
In the empirical analysis we combined diff erent methodologies for analyzing the case studies (II; III; IV; V). In most cases data was triangulated from diff erent sources to increase the validity of the studies. In general, several data sources were found to minimize the risk from single data sources. In the case study of Eesti Energia (II) a combination of in-depth, semi-structured interviews and document analysis was applied. Looking at the developments of the oil sector (III), three different cases (Statoil, Norway; Petrobras, Brazil; and PDVSA, Venezuela) were selected based on a pre-analysis of diff erent state-owned enterprises in the oil sector and the connected national policy context. Cases were selected due to their illustrative properties (as 'crucial cases' for the phenomenon under study ; Eckstein 1992) , and a comparative case study methodology was applied (Yin 2003) . Similarly the analysis of the eff ects of energy market liberalization on innovation and the role of market structures in the cases of Belgium and the Netherlands (IV) adopts a comparative research design. Th e aforementioned case studies do not aspire to be representative for a larger population -they are used for "theory building" purposes only (Amaratunga and Baldry 2001) . As such, through the cases, contextual factors surrounding the unit of analysis are identifi ed. In the paper analyzing the eff ects of the climate discourse on scientifi c networks (V), fi rst, a basic discourse analysis was carried out to identify the broad narrative changes in the Estonian policy context, and, second, an integrated approach applying both quantitative (network analysis) and qualitative methods (documentation analysis, semi-structured interviews etc.) was applied to research the change in practise.
Together, the mixed methodological approach can be seen as a way to overcome the tragedy of "wicked" or even "super wicked" problems in innovation policymaking in the energy sector. Levin et al. (2012) defi ne the aforementioned in the context of climate change by four key features: (1) time is running out; (2) the central authority, who is needed to address the problems, is weak or non-existent; (3) those who cause the problem seek to provide the solutions; and as a result, (4) policy responses discount the future irrationally, even if faced with catastrophic future impacts. When these features are combined -as is the case in the fi eld of sustainability transitions in the energy sector and especially the climate crisis -traditional methodological approaches are not equipped to identify potential solutions (ibid.). We will show below that this is especially the case in innovation policy design. When investigating energy innovation systems, the goal is to concentrate on not only simple, static eff ects, but (positive and negative) feedback loops in the system dependent on complex policy legacies within the energy sector (Jordan and Matt 2014) . Th is requires system thinking and refl exive learning -iterative and recursive approaches -not only from the policies involved, but also in methods applied to the study of energy innovation systems. Rather than "single shot analysis", social sciences in this context should identify the "connection of chains of contingencies that could shape the future" (Bernstein et al. 2000, 53) . Th is is also the baseline for the following discussion on energy innovation systems and sustainability transitions and the development of the new analytical approach to study multiscalar, transnational energy technology innovation systems.
Contribution of the thesis
Th e thesis advanced the academic debate concerning energy innovation in a number of ways. First, the thesis highlighted the confl icting policy rationalessustainability, economic and security-related rationales -governing the energy sector. All of the above introduce their own logic to technological development in energy innovation systems. Second, the technology-innovation-systems perspective coupled with the global-value-chains discussion was used to build a new model of multiscalar, spatially-aware transnational technology innovation systems. By highlighting the main weaknesses of both approaches (lack of scale, geography, interaction between technological systems and energy politics in the case of TIS; and concentrating solely on fi rm-level eff ects and discounting the importance of the institutional setting in the case of GVCs) we hope to move to a more comprehensive and realistic depiction of innovation processes in energy innovation systems. As one of the important scale eff ects is also the size of states that infl uences the possibility to reap value / rents from energy innovation systems, also the case of small states was discussed in the afore-described model. In this way the argumentation takes a step further from the material presented in independently written articles. Nevertheless, the articles comprising this body of work also add specifi c value to the discussion above and beyond.
Paradoxically, the journey towards more technologically and spatially-aware innovation systems in the fi eld of energy innovation systems started with a paper concerned with defi ning state size in a globalized economic setting (I). Th rough the discussion of the eff ects of globalization, open economies and GPN and MNCs, the relative size of states was outlined. While innovation systems were not mentioned explicitly in the paper, many of the underlying assumptions and the cited papers come from this perspective. Th e article led to the realization that there is a large gap in innovation systems analysis when it comes to juxtaposing one innovation system with another -seeing them in synergic, competing etc. relationships. Th e article coincided with the time when innovation scholars started to give more attention to the role of developing countries in innovation systems analysis. In the former, governance as a tool for system upgrading and building capacities was especially highlighted. Nevertheless, the interaction and interdependencies of various innovation systems -and also the transnational vehicle of such communications and learning -was still missing from the theoretical debate. In TIS this "vehicle" is technology and the networks and learning eff ects that converge around it. Consequently, the defi nition of relational "size" in global economies paved the way to the acknowledgement of technological momentum behind GPN / GVCs and the need to combine the aforementioned approaches with the innovation-systems perspective.
Th e following two contributions on state-owned enterprises in the energy sector (II; III) were innovative in their own right, as both helped to introduce a completely new topic to the analysis of public enterprises -namely their role in innovation policy management. As argued above, and in the contribution with Dr. Erkki Karo (III), governments still control large shares of the global energy sector, and many of the largest multinationals in the fi eld are government-controlled businesses. Consequently, state-owned enterprises and subnational government investments are a large part of the energy sector. What makes these companies special is the fact that -as in the cases presented in the articles (II; III) -state-owned enterprises are basically given free reign over primary resource in the energy sector and, thus, also resource rents at the downstream of value chains. In many ways in non-renewable, resource-dependent sectors they seem to act counter-intuitively to societal sustainability goals adding to super wicked problems (II), although some do follow the innovation policy rationales (e.g. Statoil, Petrobras since the 1980s) and start to act as systemic innovation actors (III, 14) . While most innovation activities in the energy sector are carried out -and thus, Schumpeterian rents are also created -outside of the energy-production section in associated industries, SOEs can have a strong technology-pull mechanism (employing innovation demand measures) to the development of energy technologies and whole value chains connected to them. Both articles (II; III) also show how and why public ownership may provide a better basis for long-term investment horizons.
Furthermore, SOEs are becoming MNCs in their own right, making investments abroad to take control of value chains, reduce transaction costs or, in the case of thin and narrow domestic research networks, buy in input from abroad, subsiding the domestic system (in the case of Eesti Energia, see II). Internationalization can be, of course, also caused by political or economic security objectives. Th is is especially true for SOEs in resource-based industries (ibid.). Consequently, similarly to MNCs, SOEs can become government conduits in global value chains in the multiscalar energy innovations systems described above -in search of Schumpeterian rents -in private networks and transnational relationships, where (small) states have little legitimacy or capabilities to manoeuvre. Th us, SOEs can facilitate learning and technology transfer in domestic and global value chains (see III). As unifi ed units they may also have less coordination problems and transaction costs in participation in and with diff erent GVCs. However, what sometimes is important is that there is a political mandate for such activities. Although SOEs can become independent innovators in their own right (as to a degree was the case with Eesti Energia; II), this does not mean that they will also pursue social sustainability goals in their innovative activities without stimuli. Th e largest state-owned enterprises in the world are largely among the fossil-fuel producers -oil and gas companies (III) -which means that their interests may run counter to sustainability rationales. Th us, the importance of power, politics and agency in energy innovation systems can be outlined by looking at stateowned enterprises in energy innovation systems. Consequently, studying stateowned enterprises in the multiscalar model of energy innovation systems may shed light on many of the issues we have outlined in the prior discussion.
Th e peculiarities of small-state energy innovation systems in the case of Estonia were also outlined in two contributions (II and V). In both cases some of the peculiarities of small-state innovation systems were highlighted: for example, in the case of Eesti Energia the fear of too strong and thin networks (II), and in the context of the climate discourse the copy-paste adoption of international standards and policy momentum was outlined (V). Furthermore, these papers show that contextual variables matter, and institutional context and interaction between diff erent technological innovation systems can really infl uence value changes in the energy sector. Th e fi nal two papers (IV; V) also serve as a cautionary tale in the context of the aforementioned debate of what happens if linear policy-making is allowed to run free even if sometimes the fi nal goal -countering the climate crisis (V) -is undeniably positive. Global discourses tend to generalize, as is the case with the climate-crisis narrative, and the technological nuances and the underlying assumptions of change seem to get lost. Th us, very broad-based narratives of sustainability solutions (V) or market failures (IV) seem to create almost coincidental and unintended impacts. Th is makes governing super wicked problems in energy innovation systems very diffi cult and, furthermore, engaging and directing energy-technology value chains almost impossible.
On the whole, the thesis highlights the need for more research on the coevolution of energy sectors, institutions, global value chains and technology.
